The O subfamily of forkhead box (FoxO) proteins is the downstream effector of the insulin-like growth factor-1/phosphoinositide 3-kinase/protein kinase B (IGF-1/PI3K/PKB) signal pathway. The objective of the present study was to examine the expressions of three members of FoxO proteins, FoxO1, FoxO3a, and FoxO4 in the duodenum of Sprague-Dawley rats at different ages. The result demonstrated that the expression of FoxO4 in rat duodenum showed an age-dependent manner. At Day 21, there were no detectable localization and expression of FoxO4 in the duodenum, while, at Months 2 and 6, localization and expression of FoxO4 were distinct. In addition, FoxO4 staining was primarily concentrated in the cell nuclei of the lamina propria around the intestinal gland of the duodenum in 2-month-old rats, but was not detectable in the same area in 6-month-old rats. Our results showed also that although FoxO3a existed in the cytoplasm of the lamina propria at a low level at the 2-and 6-month marks, it was still not detectable at Day 21. Besides, FoxO1 was not detectable in all parts and stages. Taken together, our findings suggested that the cell-specific and age-dependent expressional patterns of FoxO4 and FoxO3a proteins in the duodenum play some roles in the development and growth performance of the rat duodenum.
Introduction
The O subfamily of forkhead box (FoxO) proteins consists of FoxO3a, FoxO1, and FoxO4, all downstream effectors of the insulin-like growth factor-1/phosphoinositide 3-kinase/protein kinase B (IGF-1/PI3K/PKB) signal pathway (Sengupta et al., 2009) . Moreover, there has been a novel member of Foxos found in the mouse brain, which is denoted as Foxo6 (Hoekman et al., 2006) . Phosphorylation of FoxO proteins by PKB results in cytoplasmic retention and inactivation, and then inhibits the expression of FoxO-regulated genes which control the cell cycle, cell death, and cell metabolism. The shuttling of FoxOs between the cytoplasm and nucleus is a key step of apoptosis (Burgering and Kops, 2002) . Our previous works have already demonstrated that FoxO4 is a primary forkhead transcriptional factor localized in the gastrointestinal tracts of the pig , particularly in the duodenum (the most critical nutrient-absorbing organ). Besides, Liu et al. (2008) have found that FoxO1 mRNA is expressed at a lesser level in the duodenum, subcutaneous adipose tissue, and pancreas when compared with other tissues of pigs. Also, the expression level of the FoxO1 gene was the lowest in the pigs at 20 kg. Although many early researchers are concentrated on PI3K/ PKB signal pathway in oesophagus and colorectal cancer cells (Saito et al., 2003; Bao et al., 2004) , few studied FoxOs. In addition, growth hormone (GH) and IGF-1 are recognized to decline with age, while the transcriptional activity of FoxOs is increased as a result of the reduction of insulin or IGF-1 level (Brunet et al., 1999; Tomita et al., 2001) . Similarly, Roubenoff and Hughes (2000) suggest that the higher expression of FoxO genes may be required to prevent certain adverse aging processes from occurring. In addition, there are only antisera against FoxO1, FoxO3a, and FoxO4 readily available to date. Accordingly, our present study focused on the expressions and localizations of FoxO1, FoxO3a, and FoxO4 in the rat duodenum at different ages.
Materials and methods

Animals and sample collection
A total of 90 intact male Sprague-Dawley rats at 21 d (weanling date), 2 and 6 months old, obtained from Qinglongshan Experimental Animal Breeding Farm (Nanjing, China), were used in the current experiment. Uniform commercial diets used in the experiment were also purchased from the same company. Regular rat chow and tap water were allowed ad libitum. Rats were housed individually at room temperature (25 °C) with a 12 h:12 h light/dark cycle and humidity of 65%-70%. In order to examine the expressions of FoxO1, FoxO3a, and FoxO4 by immunohistochemical analysis in the rat duodenum at different ages, duodenal samples were immediately removed from anesthetized rats and fixed in 4% (v/v) paraformaldehyde at room temperature overnight. In addition, the duodenal mucosas were also sampled and stored in −70 °C for immunoblot analysis of FoxO levels. All procedures were designed in accordance with the generally-accepted ethical standards for animal experimentation and the guidelines established by the Institutional Animal Care and Use Committee, Nanjing Agricultural University, China. , and 3,3′-diaminobenzidine tetrachloride (DAB) was purchased from Sigma Chemical Co. Radio immunoprecipitation assay (RIPA) lysis buffer, a bicinchoninic acid (BCA) protein assay kit, was obtained from Beyotime Institute of Biotechnology (Nantong, Jiangsu, China). All other chemicals were commercially purchased and were of reagent grade.
Reagents
Immunohistochemical analysis
After transferring through a graded series of alcohol and xylene, duodenal samples were embedded in paraffin sectioned at 8 µm thickness. The sample sections were mounted on slides and processed for immunohistochemical analysis which was conducted in a protocol similar to the method used in our previous reports (Meng et al., 2007; Ding et al., 2010; Zhang et al., 2011) . Briefly, sections were incubated overnight at room temperature with a polyclonal rabbit immunoaffinity-purified antiserum directed against the FoxO1 (1:400), FoxO3a (1:400), and FoxO4 proteins (1:500). The specific protein immunoreactivity was visualized with an SABC kit elite and 0.1 g/ml DAB in 10 mmol/L PBS-buffered saline containing 0.01% (v/v) H 2 O 2 for 5 min. Specificity of the antibody was examined using normal rabbit serum (NRS) instead of the primary antibody. In order to identify structural components and cell morphology, the sections were counter-stained with hematoxylin and mounted with coverslips. Relative levels of immunostaining between animals and cell types were repeated at least four times and evaluated by three independent observers.
Immunoblot analysis
To examine the expression levels of FoxO3a and FoxO4 in the rat duodenum by immunoblot analysis, a method similar to our previous works (Shi et al., 2004; Ding et al., 2010) was conducted. Proteins were extracted from frozen duodenal mucosa with RIPA lysis buffer (50 mmol/L Tris-HCl (pH=8.0), 150 mmol/L NaCl, 0.5% (v/v) 20% (v/v) glycerol, 25 mmol/L benzamidine, 0.5 µg/ml of leupeptin, 0.7 µg/ml of pepstatin A, 3 µg/ml of aprotinin, and 10 µg/ml of trypsin inhibitor). The duodenal mucosa protein was extracted using RIPA lysis buffer in a Dounce homogenizer (Fluko Shanghai Co., Ltd., China). After homogenization, samples were incubated for 30 min on ice, vortexed, and centrifuged at 12 000×g for 10 min at 4 °C. The supernatant was separated and the protein concentration was determined by a modification of the Bradford method (BioRad) using bovine serum albumin (BSA) standards and microplate absorbance readings at 595 nm. Determination of FoxO3a and FoxO4 concentrations was performed by immunoblot analysis. Briefly, proteins were resolved using 0.1 g/ml polyacrylamide sodium dodecyl sulfate (SDS) gel electrophoresis under reducing conditions. In each experiment, equal quantities of proteins (40 µg homogenized duodenum mucosa) were loaded for each sample. The gelseparated proteins were then transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were then incubated with a blocking buffer (TBST with 0.05 g/ml milk, 0.1% (v/v) Tween-20, pH 7.5) at room temperature for 1 h and incubated overnight at 4 °C with diluted antibodies specific to FoxO3a (1:1000), FoxO4 (1:1000), and α-tubulin (1:2000). After three washes, the membrane was incubated with the horseradish peroxidase (HRP)-conjugated secondary antibody diluted (1:8000) in the blocking buffer for 1 h.
Finally, the blots were washed three times and detected for immunoreactivity by chemiluminescence detection methods. Blots were then used to expose radiographic film to visualize immunoreactive signals.
Statistical analysis
Values were expressed as the mean±standard error of the mean (SEM). The data were analyzed using a one-way analysis of variance (ANOVA) as appropriate. P<0.05 was considered statistically significant. All experiments were repeated at least three times, and representative data are shown.
Results
Immunohistochemical localizations of FoxO1, FoxO3a, and FoxO4 in the rat duodenum
Immunohistochemical analyses of FoxO1, FoxO3a, and FoxO4 in the duodenum were performed by using rats at 21 d, 2 and 6 months old. The result indicated that FoxO3a existed mainly in the cell cytoplasm of the lamina propria but was negative in muscularis and any other parts of the duodenum at a low level at Months 2 (Figs. 1h and 1i ) and 6 (Figs. 1j and 1k); in contrast, there was no detectable localization of FoxO3a at Day 21 (Figs. 1e, 1f, and 1g) . Nevertheless, FoxO1 was not detectable in all parts and stages (Figs. 1a, 1b, 1c, and 1d) .
While interestingly, the result indicated that no detectable localization of FoxO4 in the duodenum of 21-d-old rats (Figs. 1l, 1m and 1n ) was found. FoxO4 staining was very distinct and primarily concentrated in the cell nuclei of the lamina propria around the intestinal gland of the duodenum at 2-month-old rats (Fig. 1q) . The localization patterns were based on the mucosa, close to the muscularis mucosa (Figs. 1o and 1p). Compared with rats at the 2-month mark, FoxO4 staining could not be detected in the cell nuclei of the lamina propria around the intestinal gland and decreasing staining in the duodenum of rats at 6 months (Figs. 1r, 1s , and 1t).
Immunoblot analyses of FoxO3a and FoxO4 proteins in the rat duodenum
Immunoblot analyses of FoxO3a and FoxO4 levels in the duodenum were also performed in rats at different ages. The results showed that FoxO3a and FoxO4 levels were changed at different ages in the rat duodenum. No FoxO3a or FoxO4 expression was detected in the duodenum of 21-d-old rats, while, significant expressions of FoxO3a and FoxO4 in the duodenum were found in the rats at 2 and 6 months ( Figs. 2 and 3 ). In addition, the FoxO4 levels in the duodenum of rats at 6 months decreased compared with 2 months (Figs. 3a and 3b) . However, there were no significant differences of FoxO3a levels in the duodenum of rats between Months 2 and 6 (Figs. 2a and 2b).
Discussion and conclusions
Our present study demonstrated clearly that the FoxO4 and FoxO3a expressions in the duodenum of rats showed age-dependent and cell-specific manners. FoxO4 is a main FoxO protein expressed in the rat duodenum, which is consistent with our previous works in the pig. FoxO3a existed in the cell cytoplasm of the lamina propria at a low level at Months 2 and 6, and there was no detectable localization at Day 21, After homogenization, the extracted duodenal mucosas (40 µg/lane) were fractionated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to nitrocellulose, then followed by immunoblot analysis of FoxO3a. For the control, immunoblot analysis was performed with antibodies specific to α-tubulin. Then, following immunoblot analysis, the intensities of FoxO3a immunoreactive bands were determined by digital image analysis. Data (ratio to α-tubulin) represent means±SEM. Different letters above the bars indicate a statistically significant difference (P<0.05, n=6) among groups of FoxO4 in the duodenum of rats at 21 d, 2 and 6 months old After homogenization, the extracted duodenal mucosas (40 µg/lane) were fractionated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to nitrocellulose, then followed by immunoblot analysis of FoxO4. For the control, immunoblot analysis was performed with antibodies specific to α-tubulin. Then, following immunoblot analysis, the intensities of FoxO4 immunoreactive bands were determined by digital image analysis. Data (ratio to α-tubulin) represent means±SEM. Different letters above the bars indicate a statistically significant difference (P<0.05, n=6) among groups which is not consistent with our previous works in the pig. Besides, FoxO1 was not detectable in all parts and stages.
The duodenum is the most critical nutrient absorbing organ which completes development in four weeks after birth in rats (Gao et al., 1995) . In our current investigation, we selected three time points: weanling date (21 d), adolescence (2 months), and adulthood (6 months). The significant differences in FoxO4 expression among these three ages in the rat duodenum play some roles.
Recent discoveries suggested IGF-1/PI3K/PKB/ FoxO might affect lifespan in higher eukaryotes (Burgering and Kops, 2002) . These age-dependent changes may be caused, in part, by the change of hormonal circumstance. In particular, GH and IGF-1 were well known to decline with age (Furuyama et al., 2002) . Since transcriptional activity of FoxOs increased as a result of the reduction of insulin or IGF-1 level (Brunet et al., 1999; Tomita et al., 2001) , the peak of IGF-1 secretion after birth may result in no FoxO3a and FoxO4 expressions in the 21-d-old rats. Meanwhile, the expression of FoxO4 increased in the 2-month-old rats through a low plasma level of IGF-1. However, the reduced expression of FoxO4 in 6-month-old rats might lead to accelerated aging. Emerging evidence suggests the similar conclusions in the skeletal muscles (Furuyama et al., 2002) . In other words, this suggests that FoxO4 may be involved in the development and growth performance of the rat duodenum.
Our present study demonstrated that FoxO4 mainly concentrated in the cell nuclei of the lamina propria around the intestinal gland in the duodenum of 2-month-old rats but not the 6-month-old rats. This may occur because the 2-month-old rats were in a higher rate of metabolism. Further research is required to identify the mechanisms of FoxO4 shuttling into cell nuclei to regulate apoptosis after synthesized in mucosa of duodenum in 2-month-old rats. Though many researches regarding shuttling mechanisms of FoxO proteins were mostly concentrated on FoxO proteins shuttling into cytoplasm phosphorylated by PKB proteins, there was only a hypothesis on entrance mechanisms of FoxO proteins into cell nuclei, which suggested that FoxO proteins followed common shuttling into nuclear model for the nuclear localization signal (van der Heide et al., 2004) .
It was reported that FoxO3a was a downstream target of PKB (also known as Akt, a serine/threonine protein kinase) in endothelial cells that could promote apoptosis via down-regulation of Fas-associated death domain-like interleukin 1β-converting enzyme inhibiting protein (FLIP) and activation of the extrinsic apoptotic pathway (Skurk et al., 2004) . Besides, in cerebellar neurons, fibroblasts and Jurkat cells, the transient overexpression of nonphosphorylatable FoxO3a induced apoptotic cell death by the up-regulation of Fas ligand expression and activation of the death receptor pathway (Brunet et al., 1999) . Our previous work suggested that FoxO3a was detectable in lamina propria of jejunum and large intestine, but no localization was evident in the duodenum of pigs . In contrast, from the present study, we found FoxO3a existed in the cell cytoplasm of the lamina propria at a low level at Months 2 and 6, and there was no detectable localization at Day 21 in the duodenum of rats. Our findings might suggest that the role of FoxO3a in mammalian gastrointestinal tracts has species specific manners.
The present study did not find any significant localization of FoxO1 in the duodenum of rats and this is inconsistent with our previous work in the pig . However, Liu et al. (2008) showed that FoxO1 mRNA was expressed at a lesser level in the duodenum of pigs. This implied that FoxO1 may have a post-transcriptional regulatory mechanism in the duodenum.
In conclusion, our findings suggest that the cell-specific and age-dependent expressional patterns of FoxO4 and FoxO3a proteins in the duodenum play some roles in the development and growth performance of the rat duodenum.
